We identify fundamental mechanisms of electron escape from self-organized InAs quantum dots ͑QD's͒ in a vertical electric field by time-resolved capacitance spectroscopy. Direct tunneling and a thermally activated escape process are observed. The QD electron ground and first-excited states are concluded to be located ϳ190 and ϳ96 meV below the GaAs matrix conduction band, respectively. Our experimental results and their interpretation are in good agreement with eight-band k•p calculations and demonstrate the importance of tunnel processes.
Quantum dots ͑QD's͒ exhibit unique electronic properties due to the ultimate reduction of size in all three dimensions of real space. Over the past few years, they have therefore attracted rapidly growing attention. 1 Self-organization processes during epitaxial growth of highly lattice-mismatched materials, i.e., the Stranski-Krastanow growth mode, 2 are increasingly employed to form relatively homogeneous ensembles of QD's. [3] [4] [5] Their peculiar optical properties 6, 7 and enormous application potential for novel optoelectronic devices such as lasers, [8] [9] [10] detectors, 11 and optical memory structures [12] [13] [14] has stimulated additional research interest. For most applications, however, single-carrier capture, confinement, and escape play a significant role. Only few related investigations were reported until now, none in an external electric field, and unambiguous interpretation has only recently been facilitated due to progress in the theory of electronic states in QD's. [15] [16] [17] This article reports the first direct observation of electron escape from InAs QD's, shedding new light on the physics of the emission mechanisms.
In the case of deep centers and quantum wells ͑QW's͒, capacitance spectroscopy and deep-level transient spectroscopy ͑DLTS͒, 18 have proven to be powerful tools in investigating electronic properties, carrier capture, and escape dynamics, 19 Tunnel emission from a single QW was reported several years ago by Letartre, Stievenard, and Lonoo. 20 The electronic properties of QD's Coulomb charging effects, and the shell structure of the few-electron ground states, have been studied by capacitance and admittance spectroscopy. [21] [22] [23] [24] [25] [26] [27] [28] The frequency-dependence of the tunnelcharging process has recently been studied by Luyken et al. 29 In the present work, we present time-resolved observation of electron escape from QD's as a function of temperature and electric field. From our experiments, we identify direct and thermally activated tunneling, and determine the contributing QD levels. The results are found to be in excellent agreement with numerical calculations based on eight-band k•p theory. 16 All samples investigated are GaAs pn diodes with a layer structure as schematically depicted in Fig. 1͑a͒ , and differ only regarding the InAs insertion. The samples were grown by metal organic chemical vapor deposition. 30 On top of the highly n-doped GaAs substrate, a 1.6-m Si-doped (nϭ1.7 ϫ10
16 cm Ϫ3 ) GaAs buffer was deposited. Then three layers of InAs, with 2.8-nm undoped GaAs spacers on top, were grown, followed by 448-nm Si-doped (nϭ1.7ϫ10 16 cm Ϫ3 ) GaAs. After this, 650-nm Zn-doped (pϭ2.5ϫ10 17 cm Ϫ3 ) GaAs and 200-nm highly Zn-doped (pϭ1.8ϫ10 18 cm Ϫ3 ) GaAs were deposited. Using standard optical lithography and lift-off techniques Ohmic contacts were formed by evaporation and subsequent alloying of Ni-Zn-Au to the top and Ni-Au/Ge-Au to the back of the structure. Finally, mesas with a diameter of 800 m were defined by chemical wetetching.
We fabricated one sample with three layers of InAs QD's ͑1.7 ML nominal layer thickness͒ embedded in the Si-doped (nϭ1.7ϫ10 16 cm
Ϫ3
) GaAs-in the following referred to as ''A''-another sample ''B'' with only wetting layers ͑WL's͒, and a third sample ''C'' without any InAs. Because of the thin GaAs spacer ͑2.8 nm͒, the QD's in sample A grow ver- Such a stack is expected to act as a single localizing potential for carriers. From cross-section transmission electron microscopy ͑TEM͒ of sample A ͑Fig. 2͒, we derive about 12 nm base width and 2.5 nm height of the QD's ͑assuming a truncated-pyramid shape with ͕101͖ facets͒, and a wetting layer ͑WL͒ thickness of about 0.5 nm. A QD sheet density of N OD ϭ1ϫ10 10 cm Ϫ2 was determined by plan-view TEM ͑not shown here͒.
The distance of the InAs insertion from the pn interface is chosen such that at zero bias the QD's are outside the depletion region and thus filled by electrons. At a reverse bias U low below about Ϫ3.4 V, the space charge region extends over the QD layer. Carriers trapped inside the depletion region, e.g., in the QD's, are emitted with a characteristic time constant dependent on the escape mechanism. After applying filling pulses at U high ϾU low , the transient capacitance at reverse bias U low is measured by a capacitance meter operating at a frequency of 1 MHz and recorded after A/D conversion during controlled warm-up cycles under dark conditions. The transient data sets are converted into DLTS plots using a double-boxcar correlator with a reference time constant ref .
The photoluminescence ͑PL͒ of sample A ͓Fig. 3͑a͔͒ exhibits pronounced peaks from excitonic recombination in the QD's at 1.12 eV, with a full width half maximum ͑FWHM͒ of 150 meV, and in the WL system at 1.36 eV, as commonly observed in similar samples. 10, 31 In the capacitance-voltage ͑C-V͒ data of sample A ͓Fig. 3͑b͔͒, a plateau around Ϫ2 V is visible. Upon plotting the same data as a concentration profile ͓inset of Fig. 3͑b͔͒ , a strong peak reflecting the carrier accumulation in the QD/WL plane, and depletion regions at both sides of the peak, become apparent. The peak position appears shifted towards larger depth by about 120 nm, since the charge on a energetic level significantly below the conduction band edge of the matrix material can only be detected for a somewhat higher reverse bias corresponding to a larger depth in the concentration profile. This is a common phenomenon known from C-V measurements of QW's. 19 Typical DLTS spectra from samples A, B, and C are displayed in Fig. 4 . Only the QD sample A exhibits a pronounced signal, which appears below 70 K. At higher temperatures no DLTS signal is visible, except for a peak for all three samples at about 350 K ͑not shown here͒, which is identified as the intrinsic GaAs EL2 deep level 32 commonly observed in MOCVD-grown GaAs. We take the absence of any further defect-related DLTS signal as an indication of high-material quality. In the following, we discuss the data of sample A.
At a temperature of about 40 K a peak, and a constant contribution below 30 K are the significant features of the DLTS signal ͑Fig. 4͒. The emission rate of a thermally activated process is usually given by 18 e a ϭ␥T 2 ϱ exp͑Ϫ⌬E a /kT͒, ͑1͒
where ⌬E a is the activation energy, ϱ the capture cross section for Tϭϱ, and ␥ a temperature-independent constant. From an Arrhenius plot of the DLTS peak position for varying reference time constants ref ͑inset of Fig. 4͒ we obtain ϱ Ϸ1ϫ10 Ϫ11 cm 2 and ⌬E a ϭ(94Ϯ5) meV. In order to clarify the origin of the observed DLTS signal, we check the relative strength of the peak at 40 K for varying bias conditions ͑Fig. 5͒. Keeping the detection bias U low fixed at Ϫ3.5 V and varying the filling pulse bias U high allows us to charge an increasing part of the space charge region towards the pn interface. An increasing signal is found for filling pulse biases between Ϫ3.3 and Ϫ2.9 V; for higher bias the signal saturates, indicating that the observed electron emission is not a bulk effect, but confined to a very narrow layer. If we fix the filling pulse bias U high to Ϫ2.0 V, and instead vary U low , we observe a similar behavior: The DLTS signal appears for U low ϽϪ3.0 V and has a maximum at Ϫ3.3 V. This confirms the QD layer as the origin of the emitted charge, since only for a sufficiently high-reverse bias ͑Ϫ3.0 V in our case͒ the QD's are inside the depletion region and their energy levels are lifted above the Fermi level, which leads to the observed electron emission. For U low ϽϪ3.3 V the DLTS signal decreases again, since the relative change in capacitance, due to emission of a fixed amount of charge from the QD layer, becomes smaller because of the increasing depletion width. This behavior follows evidently from the relative DLTS peak amplitude
where ⌬C is the DLTS peak amplitude and C the steady state capacitance at detection bias. Fluctuations in the activation energy broaden the DLTS peak and also significantly decrease the observable peak height. From a single-peak fit with a simulated DLTS spectrum, assuming a Gaussian distribution of the activation energies ͑dashed line in Fig. 4͒ , we obtain a FWHM of (40 Ϯ5) meV. Estimating the sheet density of the charge emitted from the QD layer from Eq. ͑2͒, using the real ⌬C as given from the fit, we obtain n QD Ϸ1.2ϫ10 10 cm Ϫ2 . Taking into account the QD sheet density observed by TEM leads us to believe that the QD's are charged on average by one, maybe two electrons in our experiment.
We will now discuss the temperature-independent DLTS signal below 30 K, which can be explained by tunneling into the GaAs conduction band. Assuming a triangular barrier the tunneling rate can be written as 33 e t ϭ eE
where F is the electric field, m* the GaAs effective electron mass, and ⌬E t the barrier height. In order to estimate ⌬E t , we use as tunnel emission rate the inverse of the reference time constant for which the DLTS signal has its maximum value. We obtain an apparent barrier height of ⌬E t ϭ(165 Ϯ10) meV. As the electric field increases, the tunnel contribution is strongly enhanced and quickly dominates the DLTS signal. Therefore, the dependence of the thermally activated process on the electric field cannot be studied in our experiment. A further effect of the electric field is to be expected; namely, a reduction of barrier height, ⌬E BL ϭeFd QD /2, where d QD is the overall thickness of the triple-QD layer. We estimate this field effect to be in the range of ⌬E BL ϭ23 . . . 26 meV for the detection bias levels in our experiment. The remarkable difference between the thermal activation energy ⌬E a and the estimated tunnel barrier height ⌬E t leads to our interpretation of the observed energies summarized in Fig. 1͑b͒ . We identify two different escape mechanisms; tunneling from the QD ground state into the GaAs conduction band, and thermal activation into excited QD levels with subsequent tunnel emission. The observed tunnel barrier height thus corresponds with the QD ground-state energy, and the thermal activation energy reflects the energy difference between ground and excited states. This model is supported by comparing our results with numerical simulations of the electron level scheme in our QD system based on eight-band k•p theory taking into account strain and piezoelectric effects. Details of the calculation procedure have been described elsewhere. 16 For the present structure we have calculated the electron ground-state energy E 0 ϭ195 meV relative to the GaAs conduction band edge. This value agrees very well with ⌬E t ϩ⌬E BL Ϸ190 meV. Furthermore, the experimentally determined thermal activation energy ⌬E a Ϸ94 meV is close to the calculated energy difference between the electron ground state and the first excited state of E 0 ϪE 1 ϭ84 meV.
The observation of an energetically relatively sharp DLTS peak compared to a broad PL signal is consistent with our physical picture. It even further supports the interpretation of FIG. 5 . DLTS depth profile. Dependence of relative DLTS peak height ⌬C/⌬C max at 40 K on detection bias ͑squares͒ for fixed filling pulse bias U high ϭϪ2.0 V and on filling bias ͑circles͒ for fixed detection bias U low ϭϪ3.5 V.
the thermally activated process being an intraband transition. E 0 ϪE 1 is expected to depend considerably less on ensemble fluctuations of the QD dimensions ͑e.g., the volume w͒ than the PL caused by e-h ground-state recombination, i.e., ‫(ץ‬E 0 ϪE 1 )/‫ץ‬wӶ‫(ץ‬E 0 ϪẼ 0 )/‫ץ‬w, where Ẽ 0 denotes the hole ground-state energy ͑see also Fig. 4 in Ref. 16͒ .
In conclusion, we have investigated the physics of electron escape from QD's in the presence of an external electric field. Two contributing emission mechanisms are observed: tunneling from the QD ground state into the GaAs barrier, and thermal activation from the QD ground state into excited QD states with subsequent emission into the GaAs matrix. This scenario is found to be in good agreement with results from numerical simulations based on eight-band k•p theory of the QD level structure.
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